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ABSTRACT
We use HST/WFC3 imaging to study the red population in the IR-selected, X-ray detected, low-mass cluster
Cl J1449+0856 at z=2, one of the few bona-fide established clusters discovered at this redshift, and likely a
typical progenitor of an average massive cluster today. This study explores the presence and significance of an
early red sequence in the core of this structure, investigating the nature of red sequence galaxies, highlighting
environmental effects on cluster galaxy populations at high redshift, and at the same time underlining similar-
ities and differences with other distant dense environments. Our results suggest that the red population in the
core of Cl J1449+0856 is made of a mixture of quiescent and dusty star-forming galaxies, with a seedling of
the future red sequence already growing in the very central cluster region, and already characterising the inner
cluster core with respect to lower density environments. On the other hand, the color-magnitude diagram of
this cluster is definitely different from that of lower-redshift z . 1 clusters, as well as of some rare particu-
larly evolved massive clusters at similar redshift, and it is suggestive of a transition phase between active star
formation and passive evolution occurring in the proto-cluster and established lower-redshift cluster regimes.
Subject headings: galaxies: clusters: individual (Cl J1449+0856) — galaxies: high-redshift — galaxies: evo-
lution
1. INTRODUCTION
In the nearby Universe and up to z ∼ 1, cluster cores host
the most massive early-type galaxies containing stars nearly
as old as the Hubble time, making for a red sequence in their
color-magnitude diagram (CMD) (e.g., Kodama & Arimoto
1997; Mei et al. 2009), often considered as a defining sig-
nature of dense environments. Observations of the evolution
of the red galaxy population back to the proto-cluster regime
show that, although massive passive galaxies and tight red se-
quences in cluster cores are already common even earlier than
z ∼ 1 (e.g., Lidman et al. 2008; Newman et al. 2014), the red
sequence seems to increase its scatter, depopulate at lower
stellar masses (note possible dependence on cluster mass, e.g.
Tanaka et al. 2007; Andreon 2008; Hilton et al. 2009; Pa-
povich et al. 2010; Rudnick et al. 2012; Lemaux et al. 2012;
Cerulo et al. 2016) and eventually dissolve in most distant
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cluster progenitor environments. A first sequence probably
appears at high stellar masses just before z ∼ 2 (Kodama et al.
2007; Zirm et al. 2008), in agreement with star formation his-
tories inferred for lower-redshift passive cluster galaxies (e.g.,
Gobat et al. 2008; Rettura et al. 2010; Strazzullo et al. 2010;
Snyder et al. 2012), placing their major star formation epoch
at z f & 2.
In the last few years, cluster studies systematically ap-
proached this expected formation epoch and indeed started
revealing increasing star formation, nuclear and merging ac-
tivity in z & 1.5 clusters (e.g., Hilton et al. 2010; Hayashi
et al. 2011; Stanford et al. 2012; Brodwin et al. 2013; Tran
et al. 2015; Santos et al. 2015; Webb et al. 2015; Alberts et al.
2016). Wang et al. (2016) study of a z = 2.5 structure seem-
ingly captures the massive star formation event likely produc-
ing the future red sequence. On the other hand, although often
co-existing with still actively star-forming (SF) sources, qui-
escent galaxies are found in cluster cores even up to z ∼ 2
(e.g., Kurk et al. 2009; Gobat et al. 2011, 2013; Spitler et al.
2012; Tanaka et al. 2013; Strazzullo et al. 2013; Smail et al.
2014; Newman et al. 2014; Cooke et al. 2016), with enhanced
quiescent fractions with respect to field levels testifying to an
early onset of environmental signatures on galaxy population
properties.
In this work, we follow-up on our previous studies of the
cluster Cl J1449+0856 (hereafter ClJ1449) at z=1.995 (Gobat
et al. 2011, 2013; Strazzullo et al. 2013; Valentino et al. 2015,
2016, hereafter G11, G13, S13, V15, V16) with an investiga-
tion of the CMD based on Hubble Space Telescope ( HST) ob-
servations. These data provide a deep, high-resolution probe
of the restframe ∼U-B color of galaxies in ClJ1449, signifi-
cantly improving our previous photometric analyses and even-
tually enabling a study of the red population in one of the most
distant cluster environments known thus far.
ClJ1449 is a low-mass (∼ 5·1013 M), IRAC-color selected,
X-ray detected structure in the mass range of typical progen-
itors of today’s massive clusters (G11). In contrast with rare
examples of impressively evolved structures at similar red-
shift (Andreon et al. 2014; Newman et al. 2014), ClJ1449 thus
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Figure 1. F606W-F105W-F140W pseudo-color image of ClJ1449 (left, ∼ 60′′ × 70′′), and a zoom into the cluster center (right, ∼ 200 × 200 kpc2 (proper) at
z=2). In the right-hand panel, numbers mark red sources discussed in this work.
probably draws a more common picture of galaxy populations
in the first clusters at this crucial epoch.
We assume ΩM=0.3, ΩΛ=0.7, H0=70 km s−1 Mpc−1, and a
Salpeter (1955) IMF. Magnitudes are in the AB system.
2. OBSERVATIONS AND MEASUREMENTS
This work is largely based on HST Wide Field Camera 3
(WFC3) observations of ClJ1449 in the F105W and F140W
bands. Fig. 1 shows an image of the cluster field, and high-
lights all potential red cluster members in the central re-
gion (m105-m140>0.9, r < 200 kpc). We further use opti-
cal/NIR data and derived quantities from our previous work,
and specifically spectroscopic redshifts (G11, G13, V15) to
identify cluster members, complemented with photometric
redshift (photo-z) based membership (S13, see original pa-
pers for details). In the following we refer to: i) interlop-
ers including spectroscopic and photo-z interlopers, ii) pos-
sible members including uncertain, low-likelihood photo–z
candidate members (S13), and iii) members including spec-
troscopic and high-likelihood photo-z members (S13). We
use photometric measurements and derived quantities from
S13, complemented where needed with new measurements
performed with the same approach accounting for the new
F105W data1.
We also use a control field of ∼60 arcmin2 in the CAN-
DELS (Grogin et al. 2011) GOODS-S field as a statistical
comparison for galaxy populations in ClJ1449. We use multi-
wavelength photometry from Guo et al. (2013) and photo–
zs from Schreiber et al. (2015). Lacking sufficiently deep
F140W-band imaging, we measure synthetic m140 magni-
tudes by convolving best-fit SEDs from Pannella et al. (2015)
with the F140W response function. In the magnitude range of
1 Measurements for some galaxies will thus differ from those in S13. We
note (in particular for source ID 1, see Fig. 1) that the new F105W data sup-
port in some (rare) case a different source extraction than the one used in S13,
resulting in different source properties. Furthermore, we redetermined stellar
masses using the newly available photometry, and - in contrast to S13 - using
the original photometric zero-points rather than those adjusted for photo-z
determination. Stellar masses used here are thus not identical to those in S13.
interest, we estimate a . 0.1 mag uncertainty for these syn-
thetic magnitudes, which is not relevant for our purposes.
3. THE COLOR-MAGNITUDE DIAGRAM
Fig. 2a shows the F105W-F140W CMD in the field of
ClJ1449, over a region extending to a maximum clustercentric
distance r=500 kpc (proper) at z = 2 (∼1’, about the estimated
r200 ∼ 0.78′ ∼ 0.4 ± 0.1 Mpc for ClJ1449, G13, V16). All
galaxies in the probed field are shown, but cluster members
are highlighted with colored symbols according to their stel-
lar population properties (Sec. 4, Fig. 5).
Fig. 2c shows an alternative, photo–z independent picture
of the CMD, largely based on statistical background subtrac-
tion (individual membership is only considered for spectro-
scopic sources, and only affects Fig. 2c in minor details). This
CMD is obtained by subtracting, for each galaxy in the control
(GOODS-S) field, an area-normalised fractional galaxy con-
tribution to the closest galaxy in color-magnitude space in the
ClJ1449 field (see e.g. van der Burg et al. 2016). All galaxies
in the ClJ1449 field are shown (black/gray and colored sym-
bols for the full-field and r < 150 kpc CMD, respectively), but
symbol size/color scales with their excess probability over the
control field CMD. The excess probability2 across the CMD
of Fig. 2c is meant to represent the background-subtracted
color-magnitude distribution of cluster galaxies in ClJ1449,
as an independent confirmation of the color distribution based
on individual membership shown in Fig. 2a.
As compared with z . 1 clusters, or even with the mas-
sive z = 1.8 cluster JKCS041 (Newman et al. 2014), the
CMD of ClJ1449 shows a clearly less dominant, more scat-
tered red galaxy population. Nonetheless, a first albeit still
sparsely populated red sequence is found close to the ex-
pected location, confirming the presence of a characteris-
tic population of red sources in the cluster core (G11, G13,
S13), and further highlighting red-sequence outliers. As a
reference, the red sequence predicted at z=2 by Kodama &
2 Being statistical, the excess probability in Fig. 2c obviously does not
directly reflect cluster membership probability on a galaxy-by-galaxy basis.
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Figure 2. Panel a): CMD of all galaxies in the ClJ1449 field (F140W MAG AUTO vs. F105W-F140W aperture color, 0.6” diameter). Thick colored symbols
show cluster members; spectroscopic members are highlighted with green shading. Low-likelihood candidate members are shown with small colored symbols,
and photometric and spectroscopic interlopers with gray points and crosses, respectively. Color-coding of members reflects the classification from Fig. 5 (see
text). Red squares mark all galaxies (but spectroscopic interlopers) within 150 kpc from the cluster center. Red sources are numbered as in Fig. 1. The three gray
lines show the KA97 model red sequence at z=2 for z f = 3, 5, 10. Panel b): The color histogram of all 22 < m140 < 24.8 galaxies in the ClJ1449 field (black,
solid), within r < 150 kpc from the cluster center (red), and in the GOODS-S control field (blue, solid), all normalised to the projected area within r < 150 kpc.
The cyan-shaded area around the blue line shows an estimate of cosmic variance from cluster field-sized apertures randomly placed over the control field. Dotted
lines show histograms normalised to the total number of galaxies within r < 150 kpc. Panel c): A visual rendition of the CMD based on statistical background
subtraction (see text). Black points show all galaxies in the ClJ1449 field, with symbol size scaling with their excess probability over the CMD in the control
field (galaxies with zero excess probability are plotted as gray crosses - see text for details). Coloured squares show this statistically background-subtracted CMD
in the central r < 150 kpc; symbol color scales with excess probability according to the upper-left colorbar. Panel d): The statistically background-subtracted
(from panel c) color distribution of cluster galaxies, in the full ClJ1449 field and within r < 150 kpc.
Arimoto (1997, KA97) models is also shown. An estimate
of the intrinsic m105-m140 scatter (restframe ∼U-B) (deter-
mined as in Lidman et al. 2008, in our case affected by very
poor statistics) of all core (r < 150 kpc) red members with
m105-m140>1.2 (regardless of their quiescent/SF nature, see
Sec. 4), is σint = 0.14+0.03−0.07 (σint = 0.12 ± 0.03 if considering
only core members consistent within 0.15 mag with the KA97
3 < z f < 10 models). On the other hand, with the exception
of ID 4 quiescent members lie on a tight sequence with z f & 5
(see Secs. 4, 5, see also e.g. Stanford et al. 2012).
Fig. 2b and 2d show, respectively, the color distribution of
all 22 < m140 < 24.8 galaxies in the ClJ1449 field (full field
and r < 150 kpc), and of cluster galaxies (statistically back-
ground subtracted as from Fig. 2c). Fig. 2b also shows for
comparison the color distribution of all 22 < m140 < 24.8
galaxies in the control field. Figures 2b and 2d are not af-
fected by uncertainties in the individual membership deter-
mination, as they use the full galaxy sample or a statistically
background-subtracted sample (as for Fig. 2c). They thus pro-
vide a further confirmation and quantification of the excess
population of red sources in the cluster field shown in Fig. 2a.
Besides the very clear excess of red galaxies, Fig. 2 gen-
erally suggests that the “green valley” is still indeed an un-
derdense region in the CMD of ClJ1449 over the full (r <
500 kpc) area probed, with the excess of red sources being
located at markedly redder colors, thus constraining the rel-
evance of the population transitioning from the “blue cloud”
at bright magnitudes. On the other hand, although statistics
are very poor, we note that virtually all green-valley sources
likely belonging to the cluster are located within r < 150 kpc
from the cluster center.
4. THE RED POPULATION
In order to further highlight the relevance of the red popula-
tion in ClJ1449, Fig. 3 compares the F140W luminosity func-
tions (LFs) of all and red galaxies in the ClJ1449 field, and in
the central r < 150 kpc area. The LF is essentially determined
through statistical background subtraction using the GOODS-
S control field (though we make use of spectroscopic and pho-
tometric redshift information to remove obvious interlopers,
in particular at the bright end where statistics are very poor,
e.g., Strazzullo et al. 2010). The “red” galaxy LF is obtained
selecting galaxies with m105-m140>1.1 and, here again, in-
cludes the full red population regardless of stellar population
properties discussed below. Fig. 3 also shows the correspond-
ing red fraction as a function of m140 magnitude, determined
as the ratio of the red and the total LFs, and compared with
the analogous red fraction for 1.7 < zphot < 2.3 galaxies in the
GOODS-S control field. Like Fig. 2, Fig. 3 shows again that
the red population is enhanced only in the very central clus-
ter region, the red fraction in the overall cluster virial volume
being similar to the control field levels.
Finally, Fig. 4 shows the color-stellar mass diagram for
cluster members, highlighting that - as expected - optically-
blue galaxies are typically restricted to low stellar masses,
while the high-mass population is typically dominated by red
sources (old or dusty, see Sec. 4 below).
The actual nature of the red population shown in Fig. 2 de-
serves further discussion. Sources labeled as IDs 1, 4 and 5 in
Fig. 2a are part of what G11 identified as a “proto-BCG” still
in active formation (see Fig. 1, right). The high-resolution
deep HST imaging, as well as ALMA observations (Straz-
zullo et al., in prep.), indeed reveal a complex structure with
multiple components. According to photometric and spec-
troscopic analysis, S13 and G13 classified IDs 1 and 4 of
this proto-BCG complex as (dusty) SF and quiescent, respec-
tively; IDs 2, 3, 6, 8, and 9 were also classified as quies-
cent. The sample of “red sources” highlighted in Fig. 1 fur-
ther includes four green-valley sources, IDs 10 to 13; based
on photo–zs, IDs 10 and 11 are probably interlopers.
We note that IDs 7 and 13 are AGN hosts (G13) which may
affect their colors and derived properties (together with sig-
nificant neighbour contamination of ground-based and IRAC
photometry for ID 7). Although we include them for com-
pleteness in the figures, a proper analysis of the nature of these
two sources is postponed to future work and we thus do not
consider them further in the following discussion.
The new F105W imaging allows a further photometric clas-
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Figure 3. Bottom panel: The F140W LF in the field of ClJ1449. Filled
circles and empty squares show the LF in the full field and within r < 150
kpc. Black and red symbols refer to the full sample and to red galaxies,
respectively (see text for details). Error bars show Poisson errors. Top panel:
Red points show the red fraction in ClJ1449 from the ratio of the red and total
LFs in the bottom panel. Blue points show the corresponding red fraction in
the GOODS-S control field for galaxies at 1.7 < z < 2.3. Errors are calculated
following Cameron et al. (2011).
sification of galaxy stellar populations, similar in principle to
the UVJ or p/sBzK approaches (Williams et al. 2009; Daddi
et al. 2004) aiming at a separation of quiescent and SF galax-
ies accounting for dust reddening, and independent of SED
modeling (as we used in S13) which may be particularly af-
fected by blending in the crowded cluster center when using
imaging with poorer resolution. Fig. 5 shows the m140-K vs
m105-m140 color-color plot for cluster members (1” diameter
aperture colors)3.
We consider the position of cluster galaxies in this diagram
to constrain the nature of their stellar populations. As an in-
dicative reference of the location of SF populations in this
diagram, we show the colors of two constant star formation
rate (SFR) BC03 models at z = 2 with ages 0.1 and 1 Gyr, at-
tenuated according to Calzetti et al. (2000) with 0 < AV < 4.
The evolution of (dust free) models with τ = 0 (SSP) and 0.5
Gyr, and 0.008 < Z < 0.05, is also shown, for ages up to the
age of the Universe at z = 2. As Fig. 5 shows, this observed
color combination still allows for the definition of a quiescent
region with a boundary parallel to the reddening vector, en-
abling a classification of stellar populations only relying on
observed magnitudes from imaging with relatively good res-
olution.
3 Because of the combination with ground-based K-band imaging, this
aperture is larger than the one used in Fig. 2. Although color gradients be-
tween these two apertures are generally small, there are few exceptions, no-
tably IDs 1 and 7; given the complex surroundings of these sources this might
be partly due to contamination by other sources/components.
For the vast majority of sources, the quiescent/SF classi-
fication from Fig. 5 agrees with that UVJ/SED-based from
S13. The notable exception relevant for this work is ID 6
(and partly ID13 with an uncertain classification in S13). In
Fig. 5, IDs 1, 6 and 12 are formally in the SF region, al-
though very close to the boundary line, thus their m105-
m140-K classification may be deemed uncertain. However,
the recently identified ALMA continuum and CO(4-3) emis-
sion from ID 6 supports its dusty SF nature. Concerning
ID 1, as discussed in G11 Spitzer/MIPS 24µm emission was
observed close to the location of the proto-BCG. However,
the ALMA-detected 870µm continuum and CO(4-3) emis-
sion is clearly associated with a very red faint component
south of the main bright sources discussed here, IDs 1, 4, 5,
which are instead all below the 870µm map 2σ level (0.2mJy,
∼40 M/yr, e.g. Be´thermin et al. 2012), as all other red and
green valley sources discussed here besides ID 6. Given the
estimated stellar masses and colors, this may suggest that
most of the massive red sources IDs 1, 2, 3, 4, 5 are likely
quiescent/suppressed-SF (at least with respect to the expected
mass-SFR relation, e.g. Elbaz et al. 2011) rather than dusty
massively SF galaxies. We recall nonetheless the significant
uncertainties inherent to this kind of analysis; a more detailed
discussion of the ALMA observations will be presented in
Strazzullo et al., in preparation. For IDs 8, 9, 12, 13, given
the expected stellar masses and SFRs, the available ALMA
observations do not add significant constraints.
5. CONCLUSIONS
We use HST/WFC3 observations to further investigate the
population of optically-red galaxies in the cluster ClJ1449 at
z=2. This work highlights once more the presence of a numer-
ically small but characteristic population of red galaxies con-
centrated within r < 150 kpc from the cluster center. Many
of these red sources lie along a “red sequence” which is close
to passive evolution expectations at this redshift, however this
Figure 4. Color-mass diagram of cluster members in the magnitude range
22 < m140 < 24.7 (see Fig. 2). Color coding follows Fig. 2. Vertical gray
lines show the stellar mass of a m140=24.7, solar-metallicity BC03 SSP with
different formation redshifts: the darkest line corresponds to a maximally
old population, approximately marking the mass completeness of the sample
for passive dust-free galaxies. The gray area shows the color range of pas-
sive BC03 SSPs from Fig. 5. Gray slanted lines show KA97 models from
Fig. 2. Dashed purple lines show, as a reference, constant-SFR BC03 mod-
els of age=0.1, 1 Gyr, affected by mass-dependent dust reddening as from
Pannella et al. (2015).
The red sequence at birth in Cl J1449+0856 at z = 2 5
Figure 5. The m105-m140 vs. m140-K plot for cluster members (symbol
coding as in Fig. 2; photo–z interlopers are still shown as crosses). The thick
colored lines show for reference the colors of two BC03 constant-SFR models
at z = 2, with ages 0.1 and 1Gyr, and dust attenuation according to the top-left
color scale. Thin purple lines show the age evolution of models with τ = 0
and 0.5 Gyr, 0.008 < Z < 0.05 and AV=0; lines are dashed until age>0.5 Gyr
and age/τ >4, then become solid lines (see text). The gray line defines the
adopted region of “passive galaxies” (upper left part of the plot), determining
the color-coding of points: red/blue for galaxies in the passive/star-forming
regions, respectively.
sequence is significantly more scattered than in z . 1 clus-
ters (e.g. Mei et al. 2009; Foltz et al. 2015), notably with
the presence of extremely red sources, and is partly contami-
nated by dusty SF galaxies. The red population in ClJ1449 is
more sparse and scattered even as compared with some (rather
exceptional) cluster at similar redshift (notably JKCS041 at
z = 1.8, Newman et al. 2014), although we also note results
from e.g. Hilton et al. (2010); Papovich et al. (2010); Stanford
et al. (2012); Cerulo et al. (2016) and references therein on the
marked increase of cluster red-sequence scatter at z & 1.4.
Even among the red galaxies that are deemed to be quies-
cent rather than dusty SF, two sources scatter above the KA07
z f ∼ 10 red-sequence prediction (IDs 4 and 5), suggesting
dust attenuation and/or supersolar metallicity (see Fig. 5), al-
though we recall the especially crowded environment of these
specific galaxies possibly affecting photometric accuracy. As
a reference, the colors of ID 4 may be reproduced with a
young (age∼0.5 to ∼1 Gyr) solar-metallicity BC03 SSP with
AV ∼ 1.5−1, or possibly with a dust-free super-solar (Z=0.05)
SSP with a z f & 6.
Early and recent results on the investigation of optically
red galaxies in dense environments at z & 2 highlighted
the - sometimes dominant - contribution of dusty, highly SF
sources (e.g. Zirm et al. 2008; Wang et al. 2016). The anal-
ysis presented here, also with the support of recent ALMA
observations, suggests that indeed ClJ1449 hosts in its very
central region a mixture of quiescent and dusty SF galaxies,
at the same time highlighting a population that is seemingly
dominated in number by galaxies with suppressed star forma-
tion making for a first, still forming red-sequence seedling.
In combination with previous work, this study underlines dif-
ferences and similarities in galaxy population properties of
cluster progenitors of different masses in a crucial redshift
range, providing the picture of one of the most distant spectro-
scopically confirmed bona-fide cluster environments with an
estimated mass placing it among the average progenitors of
today’s clusters rather than exceptionally massive structures.
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